Introduction
Protein folding prediction from the nucleotide strings is important because the Genome Project has resulted in a large number of gene sequences that code for different, often unknown, protein sequences. Although a large body of literature relates physical and chemical properties of the amino acids and protein folding relatively little is known about the relationships of the codon composition and secondary protein structure.
The genetic code defines how base triplets are assigned to the amino acids in order to code protein molecules [I-51. As the protein chain is constructed on the ribosome it folds up in the way that the free energy is minimised, i.e. the most comfortable configuration is achieved [Z, 31. Recent results indicated that simple binary coding patterns of amino acid and nucleotide physicochemical properties might be used for design, modelling and prediction of the basic protein folding types [6-
The aim of the paper is to present simple, quick and accurate algorithm for the prediction of secondary protein structure from the nucleotide sequences of newly sequenced exon regions [&lo] . The precision of the model is within the range of experimental error of the secondary protein structure determination [9] . The method enables data compression, digitalisation of the RNA/DNA sequences and provides a basis for new heuristic algorithms. The procedure may be applied to database search and data structure analyses (e.g. of GenBank or PDB). Some other popular and often used methods, e.g. artificial neural networks, do not provide information on the data structure [12] .
We investigated the algorithm with respect to mRNA coding of a (helix) and p (strand) protein fold structures. The prediction efficacy of the algorithm was also compared to a large number of randomly produced codes in order to obtain better insight into the processes of code selection and optimisation [3, 131.
Results and Discussion

Nucleotide and amino acid coding
Sixty-four nucleotide triplets, i.e. codons, define 61 triplet and 3 stop codons for the amino acid and protein synthesis [I-S, [8] [9] [10] [11] [12] [13] [14] . Each triplet consists of 3 bases, selected out of 4 possible ones: uracil (U) or thymine (T), cytosine (C), adenine (A) and guanine (G) . Binary algorithm investigated in this study is based on the representation of 4 nucleotide bases according to the notation U or T = 00, C = 01, G = 10 and A = 11 [ S , [8] [9] [10] . It enables the construction of a linear block code array that reconstructs the genetic code table and accurately predicts a and j ? protein folds [S, [8] [9] [10] ,
The first digit of the binary algorithm defines type of the base ring (pyrimidine is coded by 0 and purine by I), while the second digit defines keto group (0) or amino group (1) of the ring. Complementarity is achieved by Ottl digit changes. Partition of complementary base pairs into the weak (A, U or T) and strong (G, C) hydrogen bonding groups is also defined [5, [8] [9] [10] .
Quantum chemical electron-donor and electron-acceptor base properties measured by Pullman are also in agreement with the presented binary notation [9] . If the bases that are bad donors and acceptors are denoted by 0 and good donors and acceptors by 1, the notation corresponds to the Fig. 2 and Fig. 3 11 interval P [9, 10, 16- 201. The coin is tossed n times to define the position of each binary address of length n over the alphabet A = (0, 1 }, as follows: p = 2 jn/2", j,= 0 for coin tossing outcome 0 and j. = 1 for the outcome 1. This binary algorithm is often applied in information theory 'for similar purposes [9, IO, 16, 201 . This method enabled extraction of efficient binary algorithm for the protein fold prediction 191, which confirms experimental results of Kamtekar et al. [6] . Binary algorithm of amino acid polarity reduces the number of analysed elements within the protein motif (or sliding block) of length n by the factor of IO" (from 20" to 2") [9] . 
Amino acid-nucleotide relationships
Groups that share information content with respect to both nucleotide and amino acid binary coding of physicochemical properties were extracted by means of the classification tree . . .
RNA consists of codons, and serves as a e template for amino acid based protein synthesis on the ribosome, codons were treated as independent and related amino acids as dependent variables (Table I Fig. 1 ).
The classification of 8 groups of codons in Fig. 1 is the result of the series of classification rules obtained by means of a procedure of recursive partitioning [23, 241 . Since this exploratory statistical technique uncovers structure in data it is not surprising that codon ring in Fig. 1 obtained by means of the algorithm reconstructs standard genetic code arrangement presented in Table 1 , Classification rules for 8 groups of codons are defined by breakpoints between different polar and nonpolar amino acid groups according to the codon positions on the unit interval, as shown in Table 1 . Seven breakpoints that separate 8 codon groups into the ones that code for nonpolar and polar -groups a, c, e, g represent nonpolar amino acids and codon groups b, d. f. h polar amino acids.
Protein fold prediction
The prediction method is based on the analyses of relative frequencies of 64 dipeptide patterns, i.e. 8 x 8 groups, of coded nucleotide and amino acid physicochemical properties.
The relative frequencies of 64 coding patterns were first analysed (counted) within the protein sliding block of the length 2, which defines dipeptides [2, 8, The term dipeptide is given in italics since it is not a standard dipeptide consisting of 2 amino acid elements [8, 91. Dipeptide represents a coding pattern for 2 amino acids and their related nucleotide groups based on the physicochemical characteristics defined by means of the coding algorithm presented in Fig. 1 [9 
Alphabet reduction and fold prediction
The main influence on the protein folding comes from the side chain properties [2] .
Polarity parameter of the Grantham scale is a typical amino acid side chain property that is correlated to the relative substitution frequency between protein residues [21, 301. In globular proteins polypeptides of specific stable shapes are folded up due to the interactions of the residual side chains and interactions with molecules ofthe medium [2,3 I].
The model we described defines protein fold prediction from the nucleotide sequence. When the fold prediction from the amino acid sequence is needed the number of groups in Fig. 1 may be reduced until codon-amino acid bias is corrected. The sum of codon groups a, c, e and g defines the group of nonpolar amino acids (0), while the sum of codon groups b, d, f and h defines a group of polar amino acids (1).
We also evaluated binary classification of a and p protein folds by means of SMO machine learning algorithm. The prediction results were obtained from the relative frequencies of the binary patterns of polar and nonpolar amino acids within protein sliding blocks of different lengths 1321.
The best protein structure prediction result of 100% (tenfold cross-validation: 85%) was obtained with 128 binary heptapeptide patterns [32] . Tree model for heptapeptide based classification confirmed the results of SMO machine learning procedure and extracted 12 patterns of amino acid polarity relevant for 100% accurate a and p protein fold prediction [32] . This result is in agreement with dipeptide based tree classification presented in Fig. 2 . It shows that a total number of basic protein units relevant for the secondary structure description is well bellow the finite set of basic folding types recently estimated to be between 500 and 1000 [9, 32, 331. Similar results with respect to fold prediction and procedure cross-validations were also obtained for hexapeptides and octapeptides [9, 321. 
Genetic code randomisation analysis
Presented model of nucleotide and amino acid coding of physicochemical parameters was also tested on a and p protein fold dataset [9] by means of the permutation distribution of randomly produced models, i.e. codes [34] .
The 99,999 artificial models were constructed by a random allocation (assignment) of 64 Table I codons within 8 groups of Fig. 1. The eight groups a-h  consisted of 4, 4, 12, 12, 4, 12, 4 and 12 elements, respectively. Those groups were, as previously discussed, extracted by means of the binary algorithm for physicochemical coding of nucleotide-amino acid relationships (Table I , Fig. I ). Another 99,999 artificial models were constructed by a random allocation (assignment) of codons within all possible 64 dipeptides that arise from the 8 (Fig. 1, Table 1 ) was added to results of 99,999 randomly produced codes to obtain a total of 100,000 codes of both groups.
Prediction quality of the codes belonging to both distributions was determined with SMO classifier under tenfold cross-validation, from relative frequency patterns [8,9,25].
The distribution of the results in Fig. 3 reflects the permutation distribution of random allocation of 64 codons within 8 groups presented in Fig. 1 . Eight group (letter) based protein fold prediction of 68.57% is identical to the random distribution median (68.57%) Figure 2 . Classification tree fgr the prediction of a and p protein folds from dipeptides ( Table   3 ).
Comparison of prediction methods
It is worth mentioning that alphabet reduction, e.g. from 8 letters algorithm of nucleotide-amino acid relationships into binary nucleotide-amino acid alphabet, reduces the information content of the sliding block during the protein fold prediction. a and p protein fold prediction with 64 dipeptides of the 8 letter alphabet is very close to the prediction of hexapeptide sliding block based on binary patterns of amino acid polarity, i.e. 2 letter alphabet [93. Both classification procedures were done on the same dataset [9] and with identical machine learning classifier.
Described nucleotide-amino acid alphabet reductions, with respect to physicochemical parameter coding, may be useful in situations when specific length of the protein or nucleotide sliding block is requested for the fold prediction and modelling purposes [9, 32] . Completely different result is obtained for a random distribution of 64 dipeptides in Fig. 4 . This distribution has a mean at 64.95% (median 65%) with a standard deviation of 6.19%. Out of 100,000 codes tested for the secondary protein structure prediction only 27 randomly generated codes gave better structure prediction than the binary one based on 64 dipeptides (83.57% prediction under tenfold cross-validation, Table 3 ). The binary code position within a cumulative distribution (99.973%, Z = 3.008) implies that, with respect to the secondary protein structure, natural genctic code defining of codon and amino acid physicochemical properties is far away of the random organisation. When dipeptides are observed there is only 2.7 x 10~4 chance to produce better code than the natural one.
The result of our computation experiment is close to the prediction of Freeland et al. [I31 that a code as good as or better than chosen by nature would evolve without selection within the probability interval 2 x lo4 < p < Consequently, dipeptide based organisation of the nucleotide pattems could he essential element of the secondary protein structure, buried within the genetic code.
Conclusion
Binary algorithms presented in this study enable simple, quick and accurate prediction of the secondary protein structure from the primary RNA, DNA and amino acid sequences.
Algorithmic information theory, and relatcd cryptographic methods will provide uscful tools for further analysis and modelling of the protein structure and genetic code pattems. codon-amino acid groups (a-h). Arrow indicates the position of the natural code.
